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CHAPTER I
INTRODUCTION

The desire to decrease weight in the automotive industry for improved fuel
efficiency has led to the study of magnesium (Mg) and its alloys as a viable replacement
for aluminum (Al) and steel in some applications [1], [2]. Extrusions are particularly
attractive for parts such as the subframe and bumper beam, which can be extruded in one
step to manufacture the part. However, the limited ductility of Mg alloys at lower
temperatures currently do not allow it to be a suitable replacement economically. A
lower ductility requires Mg alloys to be formed at lower speeds or higher temperatures,
requiring more time and energy to manufacture Mg parts.
Low ductility in Mg alloys is attributed to the limited number of deformation
modes available, due to the hexagonal close packed (HCP) structure of Mg. Based on the
von Mises criterion for uniform deformation, five independent slip systems are required
[3]. At room temperature only basal slip {0001}< 112̅0 > has a low enough critical
resolved shear stress (CRSS) to be activated, giving only two slip systems to
accommodate strain. Non-basal slip in pure Mg has been shown to require up to 100
times the energy to be activated than basal slip [3]. A current avenue to increase the
number of available slip systems is alloying Mg. Koike et al. [4] showed an AZ31 Mg
alloy deformed by non-basal slip in 40% of the sample when tested in tension at room
1

temperature. Koike et al. [4] have also shown that the CRSS for pyramidal
{112̅2} < 1̅1̅23 > and prismatic slip {11̅00} < 112̅0 > were substantially lowered to
2.5 and 2.2 times what is required for basal slip.
Deformation twinning, primarily the {101̅2} < 101̅1 > tensile twin, is also an
important contributor to the deformation behavior of Mg. When Mg alloys are extruded,
the HCP structure rotates in order to form a strong texture with the c-axis perpendicular
to the extrusion direction [5]–[7]. Typically, the texture of Mg is favorable for mainly
extension twinning when tested at room temperature and compressed along the extrusion
direction, which limits the amount of uniform deformation obtained. The extension twins
and the strong texture of extruded Mg alloys causes an asymmetry in the mechanical
response of the material [8]–[12]. Figure 1 shows how the change in loading direction
can affect the mechanical response of an extruded Mg alloy. When compressed along the
extrusion direction, the main deformation mode is extension twinning resulting in the
sigmoidal (“S” shaped) shaped curve in the plot of the stress-strain behavior seen in
Figure 1. However, when the sample is loaded in tension along the extrusion direction,
the main mode of deformation is basal slip giving a more typical “parabolic” stress-strain
behavior. The result of this strength asymmetry is the difference in the yield and ultimate
tensile strength obtained. Thus, the large difference in yield between the two loading
directions causes difficulty when trying to design with Mg alloys.
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Figure 1

Strength asymmetry of extruded Mg alloy.

Texture difference causes change in yield and ultimate tensile strength between tension
and compression loading directions. Asymmetry is mainly caused by the activation of
twinning when compressed along the extrusion direction.
One recent focus of research to increase the ductility of Mg is the addition of rare
earth elements (RE) [13]–[16]. Rare earth elements are added in either a misch-metal
form or pure RE elements. Mish-metal is the combination of several RE elements that
are heavy in a particular element and provide a lower cost alternative to adding pure RE
elements for alloying. The addition of RE elements to Mg extrusion alloys has been
shown to lower the texture intensities as well as change the orientation of the produced
texture [11], [17], [18]. Mishra et al. [19] showed that the addition of 0.2% Cerium (Ce)
to Mg not only decreased the texture intensity, but also increased the room temperature
ductility of the extruded alloy significantly. These improvements were attributed to
smaller grain size, changed slip distribution, and a texture favorable for basal dislocation
activity [19]. Mackenzie et al. [18] found that a ZE10 alloy underwent a 45˚
reorientation during recrystallization of the texture producing a split “non-basal” texture.
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Recrystallization is a major component of the decreased texture of rare earth
containing Mg alloys. Recrystallization is the creation of a new grain nucleus that then
grows and creates a new strain free grain. The nucleus can be formed from cold working
and then heating the material or by inducing large amounts of deformation while the
material is heated above 150˚C [20], [21]. Figure 2 shows a visual representation of how
the grains deform during a hot rolling process and then become recrystallized. The
material starts out with large cast primary grains and then, as the material begins to flow
through the deformation area, the material recrystallizes. Literature on RE containing
alloys, particularly those containing Ce, attribute particle stimulated nucleation (PSN) to
the driving force behind the increased amount of recrystallization and decreased texture
intensities [19], [22], [23]. PSN is developed by creating a new grain nucleus through the
build-up of misorientation by sub-boundary migration. The sub-grain boundary
migration creates high angle grain boundaries (HAGB) that form the nucleus. Typically,
particles greater than 1 µm in diameter cause deformation zones where HAGBs form.
The thermally stable Mg-Zn-Ce particles are hard to diffuse into the matrix making them
ideal locations for PSN and HAGB build up [22]. One of the key features of PSN is the
associated texture component of the new recrystallized grains. Thus, PSN causes the
newly formed grain to have a different orientation than that of the original parent grain
causing a weakening effect in the texture[17].

4

Figure 2

Recrystallization during the hot rolling process [24]

A ZE20 Mg alloy containing 2% Zn and 0.3% Ce has shown particular promise
for the application of extrusions due to a decreased extrusion texture and increased
ductility [10], [19], [23]. The addition of Zn to the alloy has also shown favorable
strength increases. In the present study, an in-house built, indirect, extrusion set up was
used to extrude cast and homogenized ZE20 Mg alloy at various ram speeds. The effect
of homogenization of the cast microstructure on the final extruded microstructure as well
as mechanical properties was studied using scanning electron microscopy (SEM),
electron backscatter diffraction (EBSD), energy dispersive x-ray spectroscopy (EDS),
optical microscopy (OM) and mechanical testing. The purpose of this study was to
characterize the extruded microstructure for the calibration of an internal state variable
model of the extrusion process that will be presented in a later study.

5

CHAPTER II
AS-CAST AND HOMOGENIZED ZE20

Experimental procedures
The material for this study was supplied by the United States Automotive
Materials Partnership (USAMP) in the form of cast ingots seen in Figure 3. Small
sections of a 4-inch tall by 6-inch diameter cast billet were cut in two directions to get an
overall understanding of the initial microstructure. The directions were designated
normal direction (ND) and radial direction (RD). The schematic for where each direction
comes from in the ingot can be seen in Figure 3. To confirm that the ingot was
approximately homogenous throughout and that large differences in microstructure
would not occur from different locations, one sample from the edge and one sample from
the middle were studied. The as-received material was a cast non-homogenous
microstructure with large dendrites. A common practice for extruding Al alloys, was to
first perform a heat treatment to homogenize the cast material. The current study used a
homogenization heat treatment to further dissolve the Ce and Zn in the Mg matrix to
improve mechanical properties. Samples of the as-cast material were/ cut and heattreated at 450˚C for 5 hours in an Argon atmosphere. Then, the material was quenched in
water to preserve the microstructure to better understand how the Zn and Ce would
respond at extrusion temperatures.
6

Figure 3

As-received cast ingot with labeled normal and radial directions

Scanning electron microscopy (SEM) and electron dispersive spectroscopy (EDS)
were performed to characterize the microstructure of the as-cast and homogenized
materials. To perform optical microscopy, samples were first cold mounted using EpoFix
resin and hardener at a 25:3 parts by weight. The resin was applied using a chamber
under vacuum to help alleviate air bubbles in the mount. After hardening, each mounted
sample was plane-ground to ensure a flat surface and a parallel top and bottom surface.
Each sample was polished using traditional methods with 1200, 2400, and 4000 grit SiC
paper followed by Struers MOL and Nap cloths. The last step was polishing the sample
using a suspension of 0.05µm alumina in ethylene glycol for 45 minutes on a Struers MD
Chem cloth. Immediately prior to observation, samples were etched for two seconds
using an Acetic- Picral solution (40 ml distilled water, 10 ml ethanol, 40 ml acetic acid,
and 5 g picric acid) to reveal grain boundaries and dendritic spacing. For observation
using SEM, un-mounted samples were plane-ground using 1200, 2000, and 4000 grit SiC
7

paper. After grinding, each sample was electropolished using a Stuers LectroPol
electropolisher and a C1 solution (160 g sodium thiocyanate, 800 ml Ethanol, 80 ml
ethylene glycol monobutyl ether, and 20 ml distilled water) operating at 20V for 20
seconds. Each electropolish step was repeated until the sample was flat with no surface
waves. SEM Imaging was performed using a Zeiss Supra 40 FEG SEM at various
magnifications and 25 kV.
Mechanical testing was performed on both the as-cast and homogenized materials
to better understand the effect on mechanical response. Three flat tension dogbone
samples of the as-cast and homogenized materials were cut and tested in tension using an
Instron 5869 dual column mechanical test frame. Figure 4 indicates shows the
dimensions of the samples cut from the ingot. Each test was run at room temperature and
0.001 s-1 strain rate, to failure.

Figure 4

Dimensions of cut tension samples, all units are in mm
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Results and Discussion
Examination of microstructure and chemical composition
The as-cast and homogenized microstructures were studied using SEM in order to
better understand the material prior to extrusion. SEM observations revealed a large
dendritic microstructure in the as-cast material with an average grain size of 526 µm.
Figure 5a shows a SEM micrograph of the cast material. The darker sections of the
image are the dendrite arms and the lighter areas are the material around the dendrite.
Using EDS, the white precipitates along the grain boundaries were found to consist of an
Mg-Zn-Ce composition. Figure 5b shows the SEM image of the homogenized cast
material. The dendritic cell size has increased to encompass the entire grain, as shown by
the spread of the darker regions in the image.

Figure 5

Scanning electron microscope image of A) Normal Direction and B) Radial
Direction.

Both images show a dendritic cells typical of a cast microstructure with large grains on
the order of 500 µm.
EDS allows the user to determine the chemical composition of a particular
location or along a line. Figure 6a shows an EDS line scan at the boundary of the
9

homogenized cast material. As the scan crossed over the precipitate, the amount of both
Ce and Zn increased. Figure 2B shows a larger EDS line scan of the as-cast material.
Within the grain, the scan revealed only Mg-Zn. As the scan crossed the precipitates of
the grain boundaries, there was a spike in Ce indicating that very little, if any, Ce
dissolved in the matrix.

Figure 6

Electron dispersive spectroscopy (EDS) line scan of A) Mg-Zn-Ce
precipitate along the grain boundary and B) line scan across entire grain
showing spikes in zinc and cerium along the interdendritic region.
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Effect of heat treating on microstructure and mechanical properties
EDS was used to determine the location of the Ce before and after the
homogenization process. The difference in area of the Mg-Zn-Ce intermetallics between
the as-cast and homogenized materials was calculated to better understand the effect of
the homogenization heat treatment on the microstructure of the cast material. The
original area of the as-cast material was found to be 1.4% and the area of the
homogenized material was found to be 1.1%. The slight change to the percent area was
expected due to the limited amount of solubility of Ce in Mg. According to the phase
diagram, Ce only has a 0.06% solubility in Mg at 500˚C [25]. Zinc however has a 6.2%
solubility in Mg at a eutectic temperature of 340˚C, allowing Zn to dissolve more readily
into the matrix and provide solid solution strengthening [17].

Figure 7

Scanning electron microscope images of A) as-cast and B) homogenized
materials.

Both images show a large segregation of precipitates at the grain boundaries.
Mechanical testing of the as-cast and homogenized materials was performed in
tension to better understand the ductility of the material. The as-cast material exhibited a
11

higher yield stress of 90 MPa compared to the homogenized material at 60 MPa. The
homogenized material exhibited a higher elongation to failure with an increase of
approximately 5% total strain compared to the as-cast material. The as-cast and
homogenized samples both displayed a large amount of scatter in the elongation to failure
from test to test; this amount of scatter is expected with a non-homogenous cast
microstructure. The decrease in strength from the as-cast to homogenized material can be
attributed to the increase in dendrite cell size of the homogenized material; this finding is
supported by the Hall-Petch relationship which states that as the grain size of a material
decreases its strength increases [26], [27].

Figure 8

Plot of engineering stress vs. engineering strain behavior of the as-cast and
homogenized materials tested in tension at room temperature and 0.001 s-1
strain rate.
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CHAPTER III
EXTRUDED MATERIALS

Introduction to extrusions
Extrusion is inexpensive and efficient way to manufacture parts within the
automotive industry due to the ability to make long parts with various profiles.
Extrusions are performed by pushing a material, or billet, through a particular die to
obtain a long smooth profile. The geometry of the extruded part is determined by the
profile of the die that the material is pushed through.
The two most common types of extrusion process are indirect and direct. The
difference between the two types is the direction of the ram and the die. A direct
extrusion has a stationary die with the ram pushing the material down through the die.
Direct extrusions require a machine with a higher load capacity due to the extra frictional
forces from the chamber wall as well as from the die bearing. Figure 9 shows a diagram
of a direct extrusion.
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Figure 9

Example diagram of direct extrusion fixture (left) and indirect (right).

Red arrows denote frictional forces.
Indirect extrusions, however, are performed by pushing a ram with the profile of
the die through the stationary material, causing the material to flow in the opposite
direction of the ram. By allowing the billet to remain stationary, less load is required to
perform the extrusion due to the abscense of friction between the billet and chamber wall
making them ideal for labscale testing. A lower load and reduced amount of surface
cracking makes indirect extrusions ideal for extruding at higher extrusion speeds and
lower temperatures which maximizes time and energy savings. Figure 10 shows an
example diagram of an indirect extrusion setup.
The extrusion setup used in the present study is an indirect extrusion process.
Instead of the ram having the profile of the desired part, the die is placed inside the sleeve
allowing it to be pushed into the billet of material. Figure 11 shows the Instron 8850
used in the present study. The mechanical force is provided by the movement of the top
crosshead. The Instron 8850 has a max load of 300 kN and a max crosshead speed of 40
mm/min. Figure 11C shows the extrusion fixture setup. The image shows how the die
and billet are placed within the chamber with a sleeve keeping them aligned. The billet is
held in place within the chamber causing the die to be moved up through the material.
14

Figure 10

Labscale indirect extrusion setup a) Instron 8850 load frame with extrusion
setup, b) view of extrusion fixture inside the infared oven, c) extrusion
fixture

Experimental Procedures
Billets from a cast ingot of Mg-Zn-Ce were cut to dimensions of 1.25-inch
diameter and 1 inch height using a 1.3 inch hole saw followed by a mechanical lathe.
15

Some of the cast billets were homogenized at 450˚C for 5 hours in an Argon atmosphere
and then quenched in water. The billets were extruded at 454˚C using an in-house built,
indirect extrusion fixture and an Instron 8850 test frame with a max load capacity of
300 KN. Each billet was extruded into a 0.25 inch solid rod yielding an extrusion ratio of
25. The extrusion ratio is calculated by dividing the initial billet area by the final cross
sectional area of the extrudate. Equation 1 shows the formula for calculating the
extrusion ratio where Ao is the initial billet area and Af is the final cross sectional area of
the extrudate. The as-cast samples were extruded at 10, 20, 30, and 40 mm/min ram
speed and the homogenized billets were extruded at the upper and lower bounds of 10
and 40 mm/min.
𝐸𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 =

𝐴𝑜
𝐴𝑓

(1)

After extrusion, tension and compression samples for both the as-cast extruded
and the homogenized extruded materials were machined from the middle section of the
extrudate. Compression samples were cut to a diameter of 6.35 mm and 9.53 mm in
height. To design the geometry of the tension samples several iterations of testing were
done to find the best method to machine the small samples without inducing
microstructural changes in the material. The tension samples for testing were cut to a
gauge length of 6.5 mm with a diameter of 3.2 mm as can be seen in Figure 12. Tension
and compression tests were performed at room temperature and 0.001 s-1 strain rate using
an Instron 5869 dual column mechanical test frame. As previously discussed one of the
characteristics of interest in RE containing Mg alloys is the ability for energy absorption,
in this particular case energy generated during crashes. The energy absorption for both
16

tension and compression tests were found by integrating the uniaxial stress-strain curve
as can be seen in equation 2 [28].
𝜖

𝐸 = ∫0 𝑓 𝜎(𝜖) ∙ 𝑑𝜖

(2)

where σ is the stress from testing and ε is the strain.

Figure 11

Dimensions of cylindrical dogbones samples made from extruded material

To perform microstructural characterization, scanning electron microscopy
(SEM), electron backscatter diffraction (EBSD), and electron dispersive spectroscopy
(EDS) was performed. Sections of the as the as-cast extruded and homogenized extruded
materials were cut along the extrusion direction (ED) as well as the radial direction (RD).
Optical microscopy samples were cold mounted using the same procedure as with the ascast samples using Struers EpoFix resin and hardener and then polished and etched using
the method from chapter 2 for the as-cast material.
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After polishing the samples were analyzed by EDS for chemical content using a Zeiss
Supra 40 FEG scanning electron microscope. Line scans were taken in various locations
with a step size of 0.05 µm.
Samples for EBSD were polished with 1200, 2000, and 4000 grit SiC paper and then
electropolished using Struers C1 solution at 20 volts for 20 seconds. The electropolish
procedure was repeated until the desired surface quality was obtained. After
electropolishing, the samples were etched using an Acetic-Nital solution (40 ml distilled
water, 120 ml ethanol, 30 ml acetic acid, and 10 ml nitric acid) for 5 seconds to increase
pattern indexing. A Zeiss Supra 40 FEG SEM operating at 20 kV and 120 µm aperture
with an EDAX Hikari camera was used to capture EBSD data. EBSD scans were taken
with an area of 400 x 400 µm and a step size of 0.3 µm. EBSD data was analyzed using
TSL OIM Analysis 6 software to generate IPF maps and pole figures.
To better understand how the material behaved while going through the die, the
butt section, or material leftover after the extrusion, was studied. The butt material was
cut in half and then studied using scanning electron microscopy.
Results and discussion
Examination of microstructure
To better understand the resulting microstructure and texture of the as-cast
extruded material at 10, 20, 30, and 40 mm/min ram speed, EBSD scans were taken
halfway through the extrudate in both ED and RD. The EBSD scans revealed a
homogenized microstructure with an average grain size of 24 µm in ED and 23 µm in RD
over the 4 different extrusions. Recrystallization was studied using the EBSD data and
grain orientation spread (GOS) analysis. All of the extrudates were fully recrystallized
18

when extruded at 454˚C suggesting that at the time of cooling, grain nucleation and
growth had already been completed. The 40 mm/min sample displayed the largest grain
size with an average diameter of 26 µm. As the ram speed increased, the local
temperature at the bearing increased. The increase in temperature led to rapid grain
growth of the recrystallized grains by grain boundary migration, changing the overall
average grain size. The sample with the lowest ram speed, 10 mm/min, displayed
remnants of extension twins that were present during the initial cast material. These
twins were only observed in the 10 mm/min as-cast extrusions. The increase in
temperature at the bearing for the higher ram speed extrusions could cause the twins to be
overtaken by grain growth in the material.
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Figure 12

Electron backscatter diffraction comparison of the as-cast extruded
materials in ED for the 10, 20, 30, and 40 mm/min.
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The extruded material exhibited the expected prismatic texture that is typical of
extruded Mg alloys with the < c >-axis aligned perpendicular to the extrusion direction
which can be seen in Figure 14. The 40 mm/min sample was found to have the strongest
texture intensity with a value of 5.4 multiples of random density (MRD).

Yu et al.

(2013) showed that as the extrusion speed was increased the texture intensity was
decreased due to the increased rate of recrystallization. The present data shows a slight
decrease in overall texture strength when comparing the 10 mm/min extruded sample and
the 40 mm/min sample going from a texture intensity of 9.7 MRD to 5.7 MRD
respectively, as can be seen in Figure 14 B and H. A decrease in texture would suggest
an increase in ductility based on the findings of Stanford et al. Stanford et al. [14]
showed that as the texture intensity decreased the amount of ductility decreased for a
commercial M1 Mg alloy with Ce rich misch metal added. The average misorientation
angle for each extrusion was also very similar. All of these parameters combined suggest
that the as-cast ZE20 can be extruded at 10, 20, 30, or 40 mm/min and obtain
approximately the same microstructure. Economically, the ability to run the extrusions at
a faster rate and obtain the same mechanical properties as that of a slower rate makes
ZE20 favorable for large scale manufacture.
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Figure 13

{0001} and {10-10} texture pole figures generated from EBSD data.

Extrusion direction samples are on the left and radial direction is on the right. An overall
slight decrease can be seen between the radial direction samples when increasing
extrusion speed.
Traditionally, extruded Mg alloys with a strong texture primarily deform by
extension twinning when a compressive load is placed perpendicular to the < c >-axis of
the crystal structure or parallel to the extrusion direction. To observe how the extruded
22

ZE20 responds to a compressive load, compression tests along the extrusion direction ED
at room temperature and 0.001 s-1 strain rate were run until failure. Each sample
displayed a sharp 45˚ crack upon failure with surfaces representative of a brittle fracture.
The 10 mm/min extruded material initially displayed a weak prismatic texture that can be
seen in Figure 15, but, upon compression, the material underwent extensive extension
twinning and the texture orientated to have a strong basal texture. The 40 mm/min
extruded material displayed the same response, but displayed a slightly weaker texture
upon failure.
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Figure 14

Electron backscatter diffraction data of extruded then compressed a) 10
mm/min and b) 40 mm/min.

Images on the left are of the original extruded material and the images on the left are that
of the compressed samples. An almost 90˚ rotation can be observed in the plotted pole
figures indicative of extension twinning that has approximately a 86˚ rotation [6].
24

Investigation of mechanical responses
Mechanical testing in both tension and compression revealed a yield and UTS
asymmetry between the two loading directions. Both testing methods were performed
along the extrusion direction. The compression tests exhibited a max failure stress of 425
MPa. The 10 and 40 mm/min samples both displayed very similar stress vs. strain curves
with a large amount of strain hardening when tested in compression. Sigmoidal shaped
curves, as seen when tested in compression, are indicative of extension twinning which
was verified in the EBSD analysis in Figure 15. The samples tested in tension reached an
elongation to failure of 23%. Traditional Mg alloys that have been extruded typically
display much lower ductility. Luo et al. (2011) reported only 17% in elongation to
failure of an extruded AZ31 Mg alloy [17]. The values do fall slightly short of the 31%
that Mishra et al. (2008) reported concerning pure Mg plus 1% Ce [19]. Slightly after
yield, the material exhibits behavior like a twinning hump representative of extension
twinning with a fair amount of strain hardening, but not as significantly as the
compression samples. The twinning hump has been observed occasionally when tested
in tension along the extrusion direction at elevated temperatures [29], [30]. The ultimate
tensile strength (UTS) was found to be 235 MPa when tested in tension.
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Figure 15

Stress vs. strain of extruded ZE20 in tension and compression along the
extrusion direction at 0.001 s-1 strain rate at room temperature

The energy absorption, or area under the stress-strain curve, is an important
property for extruded Mg alloys when being applied to crashworthiness. Using Equation
2 the energy absorption was calculated for both the tension and compression samples.
The energy absorption for the 40 mm/min extruded material was found to be
approximately the same in both tension and compression at 48 and 47 MJ/m3
respectively. The 10 mm/min extruded sample tested in compression had a slightly
higher amount of energy absorption at 50 MJ/m3. The data shows that even though the
stress-strain behavior is vastly different in the two loading directions the amount of
energy absorbed does not change. The ability to absorb the same amount of energy
regardless of the loading direction is a favorable property for crashworthiness.
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Effect of heat treating on the final extruded material
Microstructure
EBSD of the homogenized, extruded material revealed a homogenous
microstructure with an average grain size of approximately 17 µm and 19 µm for the 10
and 40 mm/min samples, respectively. The slight increase in grain size can be attributed
to the change in temperature at the bearing, as was noticed in the as-cast extrusions. The
homogenized, extruded material continued to exhibit a prismatic texture associated with
extrusions; however, it was not as strong as that of the as-cast, extruded material. The
maximum texture intensities of the homogenized, extruded material were at least a point
lower in both the 10 and 40 mm/min extrudates compared to the as-cast, extruded
material and the 40 mm/min sample displayed a weaker texture than that of the 10
mm/min sample. The weakening of the texture can be attributed to the increased amount
of recrystallized grains in the 40 mm/min sample with a different orientation.
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Figure 16

Electron backscatter diffraction data of as-cast extruded (left) and
homogenized extruded (right) of the 10 mm/min a) and 40 mm/min b)
extrusions
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Mechanical Properties
The maximum load data from the Instron 8850 during extrusion can be seen in
Table 1. The maximum load data indicated that as the ram speed increased, the load
required to perform the extrusion increased. The as-cast extruded sample required a max
load of 165 kN when extruded at 10 mm/min and 202 kN when extruded at 40 mm/min.
There was also a noticeable increase in maximum required load between the as-cast
extruded and the homogenized extruded materials. The homogenized extruded materials
required approximately 45 kN more force when extruded at 10 mm/min and 60 kN more
when extruded at 40 mm/min. The requirement of a higher load seems counter intuitive
considering the yield stress of the homogenized material was lower than that of the ascast. The answer to this is found in the microstructural analysis of the extruded materials.
The homogenized extruded material had a significantly smaller grain size than the as-cast
extruded material. The smaller grain size of the homogenized extruded material
increased the strength of the material, which increased the required load to perform the
extrusion.
Table 1

Maximum load values to perform extrusions of as-cast and homogenized
materials

Extrusion Speed (mm/min) Max Load (kN)

As-cast

Homogenized

10

165

20

180

30

200

40

202

10

211

40

264
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The mechanical testing of the as-cast extruded and homogenized extruded
materials revealed a significant difference in elongation to failure when tested in tension.
The homogenized extruded materials exhibited very similar behaviors when tested in
compression with the homogenized extruded material having a slightly higher total strain.
Both materials displayed signs of extension twining in the strain hardening regions of the
stress strain curve that can be seen in Figure 19.
When tested in tension, the homogenized extruded materials displayed slightly
different behaviors between the 10 and 40 mm/min samples. The 10 mm/min sample had
a slightly higher strain hardening rate than that of the 40 mm/min sample. The
40 mm/min sample had a slightly higher elongation to failure at 29% compared to the
27% of the 10 mm/min sample. These differences can be attributed to the change in both
grain size and texture of the homogenized extruded materials between the 10 and 40
mm/min extrusions. The 10 mm/min sample has a lower grain size and a higher texture
intensity over the 40 mm/min sample. The decreased grain size increased the amount of
strength seen in the 10 mm/min sample and the increased texture decreased the amount of
ductility the material exhibited. The increased texture also effected the “twinning hump”
by having more grains favorable for extension twinning; therefore, increasing the strain
hardening rate seen in the 10 mm/min sample.
The higher ductility can be explained by the decrease in texture intensity from the
as-cast extruded to homogenized extruded materials. The decreased texture allows for
more deformation modes to be activated, readily allowing for slip and increasing the
deformation allowed before failure. Both samples displayed the twinning hump
associated with extension twinning immediately after yield for the 10 and 40 mm/min
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tests. Figure 18 shows the theta-sigma curves plotted from the compression and tension
data. The change in strain hardening due to extension twinning observed in Figure 19
can be better seen in the theta-sigma curves found in Figure 18A. A clear increase in
strain hardening with an inflection point can be seen for each of the compressed samples.
The tension samples are not as clear but a noticeable increase is observed for the
homogenized samples. The as-cast 40 mm/min extruded sample tested in tension
however does not show a clearly defined region of increased hardening generated by
twinning. The stress-strain behavior found in Figure 18 explains the behavior of the as
cast tension sample due to the fairly uniform rate of strain hardening for the sample.

Figure 17

Strain hardening rate (theta) vs. stress plots for A) compression and B)
tension.

Theta-Sigma plot in A) shows a fairly uniform hardening between the samples tested in
compression. The samples tested in tension have varying hardness rates with the as-cast
sample almost appearing linear.
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Figure 18

Stress vs. strain curves of as-cast extruded and homogenized extruded
materials in tension and compression at 0.001 s-1.

The amount of energy absorbed for the homogenized extruded samples was larger
in both tension and compression loading directions. The 40 mm/min homogenized
extruded material displayed the largest amount of energy absorbed at 61 MJ/m3. Even
though the ultimate tensile strength of the 10 mm/min homogenized extruded material
tested in tension was slightly higher, the overall elongation was lower yielding a lower
amount of energy absorbed at 59 MJ/m3. The 40 mm/min homogenized extruded sample
tested in compression absorbed 59 MJ/m3. The homogenization heat treatment increased
the energy absorbed when tested in tension by 19% giving both more favorable
mechanical properties as well as amount of energy absorbed.
To better understand the change in microstructure and distribution of Ce
throughout the extrusion, SEM images were taken of the butt material. The butt material
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is the billet material leftover after extrusion that has not passed through the bearing. The
butt material can be useful for determining how the material flows through the die during
extrusion. Figure 20a shows that the material farthest away from the bearing after the
extrusion still maintains the original cast microstructure. Indirect extrusions allow for the
material away from the bearing to be mostly unchanged after the extrusion. As the
material moves closer to the bearing area, it becomes plastically deformed and forms
flow lines as can be seen in Figure #a. The long, extended grains continue passing
through the bearing where the microstructure begins to recrystallize and form smaller
grains.

Figure 19

Butt section showing change in microstructure as the material passes
through the die.

The Ce behaves very similarly to the grain structure of the material. Farthest
away from the bearing, the Ce appears to be unchanged and gathers in large
concentrations along the grain boundaries. As the Ce gets closer to the bearing area, it is
33

kept along the grain boundaries of the plastically deformed grains which accents the flow
lines. When the Ce begins to pass through the bearing, it gets broken up into smaller
particles due to the large amount of plastic strain on the material. These small particles
do not appear to have a prejudice to being intergranular or intragranular particles. The
average area of the particles changes from 13.7 µm2 for the leftover cast material to 2.4
µm2 for the recrystallized material.

Ce

Ce
200 µm

Figure 20

Scanning electron microscope images of the butt material depicting change
in cerium size and distribution
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CHAPTER IV
COMPARISON TO AM30

Experimental Methods
Billets from a pre-extruded billet of AM30 were cut to dimensions of 1.25-inch
diameter and 1 inch height and extruded using the same procedure as the ZE20 samples.
Each billet was extruded at an extrusion ratio of 25 and with ram speeds of 10, 20, 30,
and 40 mm/min.
After extrusion, tension and compression samples were machined and tested using
the same geometry as the ZE20 as can be seen in Figure 22..

Figure 21

Dimensions of cylindrical dogbone samples made from extruded material

To perform microstructural characterization, SEM, EBSD, and EDS were
performed. Sections of the extruded AM30 were cut along ED as well as the RD.
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Optical microscopy samples were cold mounted and polished using the same procedure
as with the ZE20. Samples were then etched using an Acetic- Picral solution to reveal
grain boundaries.
Samples for EBSD were polished with 4000 grit SiC paper and then electro
polished using Struers C1 at 20 volts for 20 seconds. After electro polishing, the samples
were etched using an Acetic-Nital solution to increase pattern indexing. A Zeiss Supra
40 FEG SEM operating at 20 kV and 120 µm aperture with an EDAX Hikari camera was
used to capture EBSD data. EBSD scans were taken with an area of 400 x 400 µm and a
step size of 0.3 µm. EBSD data was analyzed using TSL OIM Analysis 6 software to
generate IPF maps and pole figures.
Results and discussion
Examination of microstructure
The EBSD scans revealed AM30 had a partially recrystallized microstructure.
Large grains can be seen in Figure 23 with small recrystallized grains forming up around
them. The average grain size for the 10 mm/min extruded sample was found to be 49 µm
in diameter, more than twice as large as the ZE20 extruded at the same speed. Unlike the
ZE20, the extrusion ram speed did not seem to have much effect on grain size and texture
intensity for the AM30. The 10 and 40 mm/min extrusions had grain sizes of 49 and 48
µm, respectively, and texture intensities of 13.35 and 13.4 MRD. The grain size and
texture intensities were much larger than that of the ZE20 with 4.15 MRD and 3.59
MRD. The higher texture intensity could be attributed to the processing conditions. The
AM30 was already extruded when received, or pre-extruded, giving the material a fairly
sharp texture to begin with, before it was extruded again. The ZE20, however, was cast
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and displayed at a fairly random texture before being extruded. These differences could
also be due to the Ce itself. Yu et al. (2013) found that the addition of 1% Ce lowered the
grain size when added to a ZK60 alloy. The effects were due to the larger atomic radius
of Ce (0.1824 nm), which slowed down the diffusion process. The large Ce atoms also
affected grain boundary motion due to dragging forces and due to the thermal stability of
the Mg-Zn-Ce particles, which provided strong pinning effects, effectively altering the
recrystallization kinetics [31]. To better understand the differences in ZE20 and AM30,
the processing conditions need to be the same in order to alleviate any unnecessary
uncertainty.
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Figure 22

Electron backscatter diffraction data comparing AM30 (left) to ZE20
(right) when extruded at 10 mm/min a) and 40 mm/min b)
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Investigation of mechanical responses
The stress vs. strain behavior of the extruded materials tested in tension can be
seen in Figure 24. The graphs represent the data of the AM30 and the homogenized
extruded materials. The ZE20 exhibits much more elongation to failure than that of the
extruded AM30 material. The AM30 displayed approximately 13% elongation to failure
for both the 10 and 40 mm/min extruded materials whereas the ZE20 had an elongation
to failure of 26% for the 10 mm/min and 28% for the 40 mm/min samples. Both
materials exhibited a strain hardening region directly after yield indicative of extension
twinning, although the hardening was greater for the AM30. For AM30 and ZE20, the 40
mm/min sample exhibited a lower strain hardening rate and a lower ultimate tensile
strength than that of the 10 mm/min extrusion. These values can be explained by the
microstructural data of the two materials. The AM30 had a much higher texture intensity
than the ZE20 allowing for fewer deformation modes and increased strain hardening.
The increased texture also decreased the amount of ductility the material had contributing
to the large amount of elongation to failure of the ZE20.
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Figure 23

Stress vs. strain curves of homogenized extruded ZE20 and AM30
materials in tension at 0.001 s-1.

The energy absorbed for the AM30 was almost half that of the ZE20. Even
though the strength of the AM30 is higher the overall elongation to failure of the ZE20
allows for a higher energy absorption. When tested in tension at 10 mm/min the AM30
absorbed 37 MJ/m3 compared to the homogenized ZE20 at 59 MJ/m3 for the same
extrusion conditions. The 40 mm/min AM30 samples absorbed the least amount of
energy at 33 MJ/m3. Similar results were found by Agnew et al. [32] when testing
AM30F and WE43B-T5. Agnew et al. [32]showed AM30 had poor energy absorption
when compared to the WE43 and high strength Al alloys [28].
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CHAPTER V
CONCLUSIONS

Slight mechanical and microstructural differences were observed between the ascast and homogenized materials. The homogenized material displayed a larger dendrite
cell size and slightly higher elongation to failure. The homogenized material also
displayed a lower yield then that of the original as-cast material. When the two materials
were extruded the homogenized extruded material required a higher load, by at least
50 kN, to perform the extrusion at the same parameters over the as-cast material. The ascast extruded and homogenized extruded materials both exhibited an increase in grain
size as the ram speed increased. The increase in grain size can be attributed to the
increase in temperature at the bearing due to the increase in extrusion speed.
The homogenized extruded material displayed a decrease in both texture intensity
and grain size as the extrusion ram speed increased. The texture change is most likely
due to the increase in recrystallized grains present in the extruded material. The
homogenized extruded materials displayed approximately 5 % more elongation to failure
than the as-cast extruded materials due to the change in texture intensities allowing for
more deformation modes to accommodate slip.
The ZE20 displayed a higher amount of ductility and a decreased texture over the
AM30. The increase in ductility could be due to the addition of rare earth elements
decreasing the texture although it is difficult to be sure due to the difference in processing
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of the two materials. The homogenized extruded tension data matched well with that
reported by Luo et al. [17]. The texture intensities were close to those reported by AlSamman et al. [15]of a Ce containing Mg alloy that underwent warm rolling then a
subsequent annealing heat treatment at 400˚C for 1 hour. Al-Samman et al. [15]reported
a maximum texture intensity of 3.9 MRD and the current study obtained values of 3.5 to
4 MRD. The texture intensity values are fairly low for wrought Mg alloys only to be
beaten by a Gd containing Mg alloy with a texture intensity of 2.4 MRD. The Ce
containing Mg alloys displayed more favorable mechanical properties of UTS and yield
strength however.
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